The properties of pentaquarks containing a heavy anti-quark and strange quarks are studied in the bound state picture. In the flavor SU(3) limit, there are many pentaquark states with the same binding energy. When the SU(3) symmetry breaking effects are included, however, three states become particularly stable due to a "Gell-Mann-Okubo mechanism". They are thē Qsuud andQsudd states discussed by Lipkin, and a previously unstudied Qssud state. These states will have J P = 1 2 + and their masses are estimated.
where g is the axial current coupling constant in the chiral lagrangian and F ′ (0) is the derivative of the soliton profile function at the origin. Since F ′ (0) > 0, the negative sign in Eq. (1) implies that the binding energy is negative and the resultant state is really bounded.
These states can be identified as Λ Q with I = s ℓ = 0 and Σ Q with I = s ℓ = 1. On the other hand, the K = 1 states are unbounded, with binding energy
On the other hand, pentaquarks merge naturally as heavy meson-chiral antisoliton bound states in the same picture. If only terms with at most one derivative are retained in the chiral lagrangian (the truncated lagrangian in Ref. [10] ), the binding energy, denoted byṼ in this case, is just V with the opposite sign.
Hence, the pentaquark bound states are those with K = 1, i.e., (I, s ℓ ) = (1, 0), (1, 1) or (0, 1), with binding energy a third that of a normal heavy baryon.
Under flavor SU(3), the nucleon isodoublet becomes a part of the ground state baryon octet. We will follow the notation of section 7 of Ref. [15] and denote an irreducible SU (3) representation as (m, n), which is a traceless tensor completely symmetric in m upper and n lower indices, and have dimension dim(m, n) = (m + 1)(n + 1)(m + n + 2).
For example, the fundamental triplet 3 is (1, 0), sextet 6 is (2, 0), octet 8 (1,1), decuplet 
while the baryon decuplet-heavy meson antitriplet bound states are,
The stable states are those connected to the states stable in SU (2) 
Thus the whole (2, 0) Σ sextet, with s ℓ = 1 will have binding energy V 0 . It corresponds to
Q ) sextet in the real world.
A similar analysis can be done in the pentaquarks sector. Since the heavy anti-mesons form a triplet under flavor SU(3), the counterparts of Eqs. (6) are, 
In the large N c limit, all these states will be degenerate. In the real world, the baryon decuplet is heavier than the octet by M ∆ − M N ∼ 300 MeV. This would cause the (2, 1) Σ state to be heavier than the other two states by
(This is the same mechanism which breaks the Σ ( * )
Since pentaquarks are only weakly bounded (if bounded at all) in all existing models, it is probable that this 100 MeV mass difference will destabilize the (2, 1) Σ pentaquarks. Hence V 0 . We will see that the flavor SU(3) symmetry breaking is going to pick out the Lipkin states (and one other state) as the most tightly bounded ones.
To investigate the effect of SU(3) symmetry breaking effects, it helps to review the SU (3) symmetry breaking in the baryon octet, in which the baryon masses are governed by the Gell-Mann-Okubo formula [18, 19] ,
The last term is responsible for the physical Σ − Λ splitting, without which all four S = 1 baryons will be degenerate and be exactly half way between N and Ξ on the mass spectrum.
In the real world, b is positive and hence Σ is heavier than Λ by about 78 MeV. Since the Gell-Mann-Okubo formula is the consequence of just SU(3) group theory, a similar formula with different coefficients also governs the pentaquark masses in each of the representations.
Then this "Gell-Mann-Okubo mechanism" may also break the degeneracy between states with the same strangeness in the (2, 1) representation. In particular, for S = 1, there exists both an isodoublet and an isoquartet in the (2, 1) representation. The octet example leads us to expect the isodoublet to be lowered and the isoquartet raised. If this is indeed the case, the most stable bound states will be theQsuud andQsudd isodoublet, i.e., exactly the states Lipkin predicted.
To verify this conjecture, one must project the Lipkin states back into the heavy mesonoctet baryon product space. In general,
with the normalization condition |w| 2 + |x| 2 + |y| 2 + |z| 2 = 1, and the subscript L stands for
Lipkin. The algebra, consists of considerations of the U-spin, V -spin and the isospin as well as the orthogonality of states, is straightforward but cumbersome and will not be repeated
here. The result is,
).
As expected, the Lipkin states is mainly a Λ bound state while the Σ contributions are small (|x| 2 , |y| 2 ≪ |z| 2 ). By isospin symmetry, the same conclusion holds for |Qsudd . We can also do the same decomposition for the S = 2 I = 0 state |Qssud L .
|Qssud L = w s |Qu |Ξ − + x s |Qd |Ξ 0 + y s |Qs |Σ 0 + z s |Qs |Λ .
The results are
Many properties of the Lipkin states can be predicted in the bound state picture. They consist of a S = 1 isodoublet and a S = 2 isosinglet, which look like an SU (3) V 0 can be extracted from the heavy baryon sector. In the charm sector, we have this estimate of V 0 .
which gives
The masses of the pentaquark states are given by the hamiltonian, 
For comparison the masses of the |csuud state in the 3,6 and the I = have also been calculated.
Indeed the "Gell-Mann-Okubo mechanism" is at work: the Lipkin states are pushed down below the 3 and the6 while the I = 3 2 state in the 15 is pushed up. The analogous comparisons for the |cssud states are,
Again the Lipkin state merges as the lightest one.
The analysis in the bottom sector is similar. The estimate of V 0 from the Λ b mass
agrees nicely with that in the charmed sector. With
Eqs. (18) and (22) In the baryon octet, the only state satisfying this criterion is the Λ. In this light, it is not surprising that our results that the stable states as heavy meson bounded to predominantly Λ baryons agree so well with his.
It must be stressed that, even within our model, we have not proven the non-existence the non-Lipkin pentaquark states. For example, the states in the6 may as well have negative binding energies. These states, however, are expected to be more massive than the Lipkin states and hence will decay to the Lipkin states electromagnetically. Hence they are expected to be short-lived (when compared to τ Lipkin ∼ 10 −12 sec) and much wider than the Lipkin states.
On the other hand, there are important corrections to our predictions which have not been incorporated in our model. For example, the hyperfine splittings
which is an 1/m c correction, is significant for the stability of a pentaquark, the binding energy of which is typically of the order of 100 MeV. The effect of hyperfine splitting has been taken into account in our calculations, but the effects of other 1/m c corrections may also be important. Another potentially dangerous source of correction comes from the terms in the chiral lagrangian with more than one derivatives. It is not clear to the author how these effect can be estimated.
In conclusion, in the bound state picture we have calculated the spin, isospin and parities of the charmed pentaquarks with S = 0, 1 and 2 and also estimated their masses. All these predictions await experimental verifications, possibly by E791 at Fermilab. Since these pentaquarks are stable with respect to QCD, they must decay weakly. If we assume the Λ is just a spectator in the decay, a reasonable assumption for a weakly bounded system, then the pentaquark life time will be related to that of the constituent heavy meson.
τQ ssud ∼ τQ s .
In particular, the relation τ D 0 < τ D s < τ D + is expected to translate into τc suud < τc ssud < τc sudd in the pentaquark sector, as the valence s and u quarks can lead tocs annihilation diagrams and W exchange diagrams, which interferes constructively with the spectator diagrams. Decay channels like (ΛD) → ΛKπ can be measured by identifying the decay products, and the charmed pentaquarks may appear as a peak in the ΛKπ invariant mass plot.
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